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Introduction {#sec001}
============

Cholesterol homeostasis is a highly regulated metabolic process, and disturbances in this system determine the development of common human diseases such as atherosclerosis \[[@pone.0184280.ref001],[@pone.0184280.ref002]\]. The regulation of lipoprotein receptor expression has particular relevance for cholesterol metabolism \[[@pone.0184280.ref003]\]. The main cellular receptors for low-density (LDL) and high-density (HDL) lipoproteins are the LDL receptor (LDLR) and the scavenger receptor class B type I (SR-BI), respectively \[[@pone.0184280.ref004],[@pone.0184280.ref005]\]. SR-BI is involved in reverse cholesterol transport, a process in which cholesterol is removed from peripheral tissues by HDL and then transported to the liver to be secreted into the bile and eliminated in feces \[[@pone.0184280.ref006]--[@pone.0184280.ref008]\]. In animal models, deficiency of LDLR or SR-BI correlates with accelerated development of atherosclerosis after feeding of an atherogenic diet \[[@pone.0184280.ref009],[@pone.0184280.ref010]\].

Gugulipid, made from gum resin of the *Commiphora mukul* tree, is a natural product widely used globally as a lipid-lowering agent, although its anti-atherogenic and cardiovascular benefits in humans or animal models are controversial \[[@pone.0184280.ref011]--[@pone.0184280.ref013]\]. Although studies published in India have reported its hypolipidemic properties, similar evidence in Western populations is still scarce and indicates that gugulipid consumption has neutral or deleterious effects on plasma cholesterol levels \[[@pone.0184280.ref011], [@pone.0184280.ref012]\]. The most relevant bioactive components present in gugulipid are the steroids guggulsterone E and Z although it also contains flavonoids, di- and triterpenoids, lignanes, long-chain aliphatic tetrols, aliphatic esters, ferulates, carbohydrates, and a variety of inorganic ions ([Fig 1](#pone.0184280.g001){ref-type="fig"}) \[[@pone.0184280.ref014], [@pone.0184280.ref015], [@pone.0184280.ref016]\].

![Principal components of gugulipid.\
The most studied bioactive compound present in guggul resin is gugulsterone (upper left panel). Other metabolites of the natural resin are also shown in this figure (based on references 16 and 21).](pone.0184280.g001){#pone.0184280.g001}

Different studies have evaluated the presence of guggulsterone in various commercial gugulipid preparations, as well as its presence in blood samples after administration of this natural product \[[@pone.0184280.ref017]--[@pone.0184280.ref019]\]; however, gugulipid-related metabolic pathways have not been extensively analyzed. Some studies using guggulsterone---rather than total guggul resin---indicate that this key component can be transformed largely by CYP3A4 into more hydroxylated forms, which are more potent than guggulsterone itself in modulating gene expression in cultured liver cells \[[@pone.0184280.ref020]\]. In mice and rats, guggulsterones are antagonists of the nuclear farnesoid X receptor, thus favoring the hepatic catabolism of plasma cholesterol into bile acids \[[@pone.0184280.ref021], [@pone.0184280.ref022]\] and eventually leading to increased hepatic uptake of lipoprotein cholesterol and reduced plasma cholesterol levels.

Considering conflicting data on the impact of gugulipid on cholesterol homeostasis and that the effects of the natural extract may differ from those of pure guggulsterone, the aim of this study was to determine the effect of gugulipid on cholesterol homeostasis as well as to evaluate the physiological and pathophysiological impact of the treatment in mice. We studied the impact of gugulipid administration on lipoprotein cholesterol levels, endothelial function, and development of atherosclerosis and/or ischemic heart disease in male wild-type mice; apolipoprotein E knockout (ApoE KO) mice, a model of atherosclerosis without ischemic complications; and SR-BI knockout and atherogenic--diet-fed male apolipoprotein E hypomorphic (SR-BI KO/ApoER61^h/h^) mice, a model of lethal ischemic heart disease due to severe atherosclerosis.

Materials and methods {#sec002}
=====================

Animals and diets {#sec003}
-----------------

C57BL/6 mice and apolipoprotein E knockout (ApoE KO) mice \[[@pone.0184280.ref023]\] were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). SR-BI KO/ApoER61^h/h^ mice were obtained from Dr. Monty Krieger (Massachusetts Institute of Technology (MIT), Cambridge, MA, USA). Animals were housed with reverse light cycling under conditions of controlled temperature and humidity. Mice had free access to water and received standard low-fat/low-cholesterol chow diet (Prolab RMH3000; PMI Feeds Inc., St Louis, MO, USA) or an atherogenic diet (1.25% cholesterol, 15% total fat, and 0.5% cholic acid; 57BB; Test Diet, St Louis, MO, USA) to induce atherosclerotic cardiovascular disease \[[@pone.0184280.ref024]\] with or without gugulipid (Natrol, Chatsworth CA, USA or GNC, Pittsburgh, PA, USA) 5 mg/g diet for seven days or 1 mg/g diet for 12 weeks. These doses were determined based on the results of preliminary experiments that employed a range of concentrations (0.1--10 mg gugulipid/g diet) for 1 week and were lower than those used in previous studies \[[@pone.0184280.ref021]\]. Using 0.1--5 mg gugulipid/g diet), we observed no changes in food intake, body weight, or behavior. All experiments were performed in paired male littermates in control and treatment groups. At the beginning of the study, all mice were 2.5--3 months old and were followed up for 3 months or until death, whichever came first. Samples were obtained after overnight fasting. Protocols were approved by the Bioethics Committee of the School of Medicine, Pontificia Universidad Católica de Chile. Personnel involved in experiments described below were previously trained in animal handling and care by experienced research staff.

Blood, liver, aorta, and heart sampling {#sec004}
---------------------------------------

Mice were anaesthetized with a mixture of ketamine:xylazine (150:10 mg/kg body weight). After anesthetization, blood was extracted, mice were euthanized, and the liver and heart were removed as described previously \[[@pone.0184280.ref025],[@pone.0184280.ref026]\]. Plasma was prepared from blood by low-speed centrifugation and kept at -20°C. Livers were stored at -70°C until use. Aortas were removed under anesthesia for aortic ring preparation. Hearts used to determinate cardiomegaly and infarct scar size were excised and extracted and analyzed after spontaneous animal death. Hearts were frozen in cryopreservative solution and stored at -80°C until evaluation of atheromatous lesions.

Hepatic histology {#sec005}
-----------------

After liver removal, a small portion of each liver was fixed in neutral formalin followed by dehydration through a graded ethanol series and xylol, followed by embedding in paraffin at 60°C. Sections (7-μm) were prepared, mounted on glass slides, and rehydrated through a series of solutions of decreasing ethanol concentration. Finally, sections were stained with hematoxylin and eosin and observed under a light microscope.

Plasma biochemical analysis {#sec006}
---------------------------

Commercial TGP/ALAT (Kovalent, Rio de Janeiro, Brazil) \[[@pone.0184280.ref027]\] and DuoSet ICAM-1 ELISA (R&D Systems, Minneapolis, MN, USA) \[[@pone.0184280.ref028]\] kits were used for plasma alanine aminotransferase (ALT) and soluble intercellular adhesion molecule-1 (ICAM) measurements, respectively.

Cholesterol analysis {#sec007}
--------------------

Plasma total cholesterol was enzymatically determined as previously described \[[@pone.0184280.ref026], [@pone.0184280.ref029]--[@pone.0184280.ref031]\]. Briefly, 10 μl of plasma or fast protein liquid chromatography (FPLC) fractions were incubated with 500 μl reaction solution (5 mM 4-clorophenol, 5 mM phenol, and 1% Triton X-100 in 0.5 M Tris-HCl \[pH 7.6\], 9 mM sodium cholate, 2 mM 4-aminoantipirine, 0.154 U/ml cholesterol esterase, 340 U/ml cholesterol oxidase, and 0.058 U/mg peroxidase) for 30 min at 37°C, and absorbance was measured at 550 nm. Cholesterol concentrations were calculated using a standard curve.

Lipoprotein fractionation {#sec008}
-------------------------

Plasma was fractionated by gel filtration FPLC as previously described \[[@pone.0184280.ref030]\]. Briefly, plasma lipoproteins were separated on a Superose 6 column (Pharmacia, Uppsala, Sweden) installed in an FPLC device. Plasma (150 μl) was brought up to a volume of 300 μl with FPLC buffer (0.15 M NaCl, 1 mM EDTA, pH 7.4) and injected into the column. Chromatography was performed at room temperature with constant flux (0.3 ml/min) of FPLC buffer, and 40 fractions of 0.3 ml each were collected. Fractions were stored at -20°C until cholesterol analysis was performed.

Isolation of total liver cell membranes {#sec009}
---------------------------------------

Hepatic tissue (0.1--0.15 g) was mixed with homogenization buffer (20 mM Tris \[pH 7.4\], 2 mM MgCl~2~, 0.25 M sucrose, and protease inhibitors) and lysed with an Ultra-turrax homogenizer (Kinematica, Lucerne, Switzerland). The homogenate was centrifuged at 3,000 *g* at 4°C for 10 minutes, and the resultant supernatant was centrifuged at 100,000 *g* at 4°C for 60 minutes. Pellets containing total hepatic membranes were resuspended in 100 μl homogenization buffer and stored at -20°C until analysis.

Western blotting {#sec010}
----------------

Proteins from total hepatic total cell membranes were separated by SDS-PAGE and transferred to nitrocellulose membranes (BioRad Laboratories, Hercules, CA, USA) \[[@pone.0184280.ref029]\]. Immunoblotting was performed using a polyclonal rabbit anti--SR-BI antibody (1:3000 dilution) donated by Dr. Karen Kozarsky (SmithKline Beecham Pharmaceuticals, King of Prussia, PA, USA) \[[@pone.0184280.ref032]\] and an anti-LDLR antibody (1:2000 dilution) donated by Dr. Joachim Herz (University of Texas Southwestern Medical Center, Dallas, TX, USA). Polyclonal rabbit anti-ε-COP (1:5000 dilution) donated by Dr. Monty Krieger (MIT, Cambridge, MA, USA) \[[@pone.0184280.ref033]\] was used as a loading control. Membranes were then incubated with secondary horseradish peroxidase-conjugated anti-rabbit antibody (1:5000, Sigma-Aldrich, St Louis, MO, USA), and finally, protein/antibody complexes were detected by enhanced chemiluminescence and quantified by densitometry using Image J (National Institutes of Health, Bethesda, MD, USA).

Vascular reactivity studies {#sec011}
---------------------------

Vascular reactivity was assessed as described elsewhere \[[@pone.0184280.ref034]\]. Briefly, the thoracic aorta was removed and ring segments of 2--4 mm were mounted in an organ bath system for isometric force measurements in Krebs physiological solution (120 mM NaCl, 2.7 mM CaCl~2~, 5.4 mM KCl, 1.2 mM MgCl~2~, 1.2 mM KH~2~PO~4~, 11 mM glucose, 10 mM Hepes, pH 7.4) maintained at 37°C and gassed with 5% CO~2~/95% air \[[@pone.0184280.ref034]\]. The optimal resting tension was determined with 50 mM KCl. Vessel rings were incubated in the presence or absence of phenylephrine (10^−9^ to 10^−5^ M), acetylcholine (10^−10^ to 10^−5^ M) and sodium nitroprusside (10^−10^ to 10^−5^ M). Tissue responses were expressed as a percentage of maximal contraction induced by 10^−6^ M phenylephrine.

Recombinant adenovirus and infection {#sec012}
------------------------------------

Adenovirus encoding wild-type murine SR-BI (Ad.SR-BI) and control virus without a transgene (Ad.E1Δ) were used. Large-scale production of recombinant adenoviruses was performed using infected HEK293 cells, and virus was purified by ultracentrifugation in a CsCl gradient. On day 0, C57BL/6 mice were injected via the femoral vein with phosphate-buffered saline or 1×10^11^ Ad.E1Δ particles (control) or with 1×10^11^ Ad.SR-BI particles (experimental). Plasma and liver samples were obtained on day 3 after adenoviral infection \[[@pone.0184280.ref029], [@pone.0184280.ref035], [@pone.0184280.ref036]\].

Atherosclerotic lesion assessment {#sec013}
---------------------------------

Atherosclerotic lesion size was determined and quantified in the aortic root as described previously \[[@pone.0184280.ref037]--[@pone.0184280.ref039]\]. Briefly, hearts were frozen in Tissue-Tek OCT (Sakura, Torrance, CA, USA). Serial 10-μm cross-sections (20 from each sample) through aortic roots were stained with Oil Red O and Mayer's hematoxylin (Sigma-Aldrich). Images were captured for morphometric analysis, and lesion size was estimated in several sections of the same heart in which the three aortic valves were visualized (4--6 serial sections). Oil Red O staining was quantified using Image J software.

Survival analysis {#sec014}
-----------------

Lifespan was determined in SR-BI KO/ApoER61^h/h^ mice fed a standard chow diet (control), atherogenic diet, or atherogenic diet supplemented with gugulipid (1 mg/g diet) for 12 weeks. Feeding the atherogenic diet to this mouse strain leads to ischemic heart disease and sudden cardiovascular death---most likely due to severe cardiac arrhythmia---without major premonitory disease warnings \[[@pone.0184280.ref024],[@pone.0184280.ref038]\]. Animals were visually inspected twice daily to assess health status. The endpoint for this experiment was defined as death or significant illness (based on poor general appearance \[e.g., ruffled fur, abnormal gait\], reduced food and water intake, decreased body weight, reduced activity). Animals reaching these endpoint criteria were immediately euthanized (n = 3); however most of the animals (13/16, 80% in groups fed an atherogenic diet with or without gugulipid supplementation) died suddenly before getting to the point of requiring euthanasia. The survival rate was determined by tabulating death of mice as a function of time in Kaplan-Meier curves as previously described \[[@pone.0184280.ref038]\].

Statistical analysis {#sec015}
--------------------

Results are shown as mean ± standard deviation (SD) or standard error of the mean (SEM), where n indicates the sample size (4--5 mice per group). The normality of the data was determined with the Kolmogorov-Smirnov test. Comparisons between two groups were performed using Student's unpaired *t*-test or Mann-Whitney test for parametric or nonparametric data, respectively. Statistical significance of differences among more than two groups was determined by analysis of variance (ANOVA) or Friedman test for parametric or nonparametric data, respectively. If ANOVA or Friedman test demonstrated a significant interaction between variables, *post hoc* analyses were carried out by multiple-comparison Bonferroni or Dunn\'s correction tests, repectively. GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA) was used for data analysis. *P*\<0.05 was considered statistically significant.

Results {#sec016}
=======

Gugulipid administration leads to hepatic damage, hypercholesterolemia, and endothelial dysfunction {#sec017}
---------------------------------------------------------------------------------------------------

### Liver histology and serum ALT levels {#sec018}

In order to determine the effect of gugulipid on cholesterol metabolism, male C57BL/6 mice were fed a chow diet supplemented with 5 mg gugulipid/g diet for 7 days. At the end of treatment, the body weight of gugulipid-fed mice was similar to that of control mice (22.6 ± 0.6 vs. 23.6 ± 1.3 g, respectively). However, mice fed with gugulipid developed hepatomegaly, as indicated by increased liver weight ([Fig 2A](#pone.0184280.g002){ref-type="fig"}). Additionally, hepatic histology showed enlarged hepatocytes with cytoplasmic tumefaction and vacuolization ([Fig 2B](#pone.0184280.g002){ref-type="fig"}). Consistent with a significant degree of liver damage, plasma ALT levels were increased by 2-fold in gugulipid-treated mice ([Fig 2C](#pone.0184280.g002){ref-type="fig"}).

![Effect of gugulipid on liver weight and histology and alanine transferase (ALT) level in male C57BL/6 mice.\
(A) Liver weight, (B) hepatic histology, and (C) plasma ALT level in control and gugulipid-treated mice. Arrows in (B) indicate enlarged hepatocytes with cytoplasmic tumefaction and vacuolization. Two independent experimental sets were used; n = 6 in each set. Values represent mean ± SD. \**P*\<0.05.](pone.0184280.g002){#pone.0184280.g002}

### Plasma total and lipoprotein cholesterol and hepatic SR-BI protein levels {#sec019}

The level of total plasma cholesterol increased by 1.8-fold in gugulipid-treated C57BL/6 mice compared with the control group ([Fig 3A](#pone.0184280.g003){ref-type="fig"}). This hypercholesterolemic effect was mainly associated with an increase in HDL cholesterol (from 39.9± 2.6 in controls to 78.1 ±5.4 mg/dL in gugulipid-fed animals, *P*\<0.05) and slighter changes in very low-density lipoprotein (VLDL) cholesterol level ([Fig 3B](#pone.0184280.g003){ref-type="fig"}). Because changes were detected in HDL, hepatic expression of the HDL receptor SR-BI was evaluated in order to determine if increased HDL cholesterol levels were associated with variations in this lipoprotein receptor in the liver. Indeed, western blot analysis showed that gugulipid administration led to a reduced (by approximately 75%) level of hepatic SR-BI ([Fig 3C](#pone.0184280.g003){ref-type="fig"}).

![Effect of gugulipid on total and lipoprotein cholesterol levels and hepatic SR-BI level in male C57BL/6 mice.\
(A) Plasma total cholesterol level, (B) lipoprotein cholesterol distribution, and (C) western blot analysis (left) and quantitation (right) of hepatic SR-BI in control and gugulipid-treated mice. VLDL, very low-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein. ε-COP served as loading control. Two independent experimental sets were analyzed; n = 6 in each set. Values represent mean ± SD. \**P*\<0.05.](pone.0184280.g003){#pone.0184280.g003}

### Endothelial function {#sec020}

Vascular reactivity was evaluated in aortic rings obtained from male C57BL/6 mice treated with gugulipid and control mice. Smooth--muscle-dependent contraction, induced by 50 mM KCl or by increasing concentrations of phenylephrine, did not differ between rings from gugulipid-treated and control mice ([Fig 4A and 4B](#pone.0184280.g004){ref-type="fig"}). Additionally, endothelium-independent relaxation induced by sodium nitroprusside was not affected by gugulipid administration ([Fig 4C](#pone.0184280.g004){ref-type="fig"}). In contrast, when the endothelium-dependent relaxation response was assayed with acetylcholine, the vasodilation response was reduced by 24% at a dose of 10^−6^ M and greater in aortic rings obtained from gugulipid-treated mice ([Fig 4D](#pone.0184280.g004){ref-type="fig"}). Furthermore, acetylcholine half-maximal effective concentration (*EC*~50~) was increased in aortas harvested from mice fed with gugulipid ([Fig 4D](#pone.0184280.g004){ref-type="fig"}).

![Effect of gugulipid on aortic vascular reactivity in male C57BL/6 mice.\
(A) Overall aortic contraction induced by KCl, (B) phenylephrine-induced vascular contraction, (C) sodium nitroprusside-induced relaxation, and (D) acetylcholine-induced relaxation in control and gugulipid-treated mice. In parenthesis is half-maximal effective dose (EC~50~) for each condition. Six independent experimental sets were used. In each experiment, vascular reactivity was assayed in parallel in one control and one gugulipid-treated mouse; n = 6 in each set. Values represent mean ± SD. \**P*\<0.05.](pone.0184280.g004){#pone.0184280.g004}

Gugulipid administration exacerbates hypercholesterolemia and endothelial damage, enhances atherosclerosis, and aggravates ischemic heart disease {#sec021}
-------------------------------------------------------------------------------------------------------------------------------------------------

### Plasma and lipoprotein cholesterol levels in ApoE KO mice {#sec022}

The effect of gugulipid (1 mg/g of atherogenic diet by 12 weeks) on blood cholesterol level and progression of atherosclerosis was evaluated in atherogenic diet-fed male ApoE KO mice \[[@pone.0184280.ref039], [@pone.0184280.ref040]\]. In these mice, gugulipid caused a further increase in plasma total cholesterol level ([Fig 5A](#pone.0184280.g005){ref-type="fig"}), which was again associated with reduced hepatic SR-BI level without changes in LDLR expression ([Fig 5B](#pone.0184280.g005){ref-type="fig"}).

![Effect of gugulipid on plasma cholesterol and hepatic SR-BI and LDL receptor (LDL-R) level in male ApoE KO mice.\
(A) Plasma total cholesterol and (B) western blot analysis (left) and quantitation (right) of hepatic LDL-R and SR-BI in control atherogenic diet-fed and gugulipid-treated atherogenic diet-fed mice. AD: atherogenic diet; G: gugulipid. Two independent experimental sets were used; n = 6 in each set. Values represent mean ± SD. \**P*\<0.05.](pone.0184280.g005){#pone.0184280.g005}

In order to determine if reduced SR-BI expression was involved in the elevation of plasma cholesterol levels due to gugulipid treatment, male ApoE KO mice were infected with adenovirus encoding murine SR-BI (Ad.SR-BI) or control adenovirus (Ad.E1Δ) during the last week of feeding of the atherogenic diet with and without gugulipid. Hepatic SR-BI protein level was increased in ApoE KO mice infected with Ad.SR-BI after feeding of a control or gugulipid-supplemented diet ([Fig 6A](#pone.0184280.g006){ref-type="fig"}). Adenovirus-mediated hepatic SR-BI overexpression in gugulipid-treated ApoE KO mice reduced plasma total cholesterol to levels comparable to those observed in mice not treated with this natural product ([Fig 6B](#pone.0184280.g006){ref-type="fig"}).

![Effect of hepatic SR-BI overexpression on plasma cholesterol in gugulipid-treated atherogenic diet-fed male ApoE KO mice.\
(A) Western analysis (upper) and quantitation (lower) of hepatic SR-BI and (B) plasma total cholesterol levels in control atherogenic diet-fed and gugulipid-treated atherogenic diet-fed mice infected with adenovirus encoding murine SR-BI (Ad.SR-BI) or control adenovirus (Ad.E1Δ). AD: atherogenic diet; G: gugulipid. Two independent experimental sets were used, n = 6 in each. Values represent mean ± SD. \*P\<0.05.](pone.0184280.g006){#pone.0184280.g006}

### Endothelial damage and atherosclerosis in atherogenic--diet-fed ApoE KO mice {#sec023}

Plasma levels of the soluble endothelial damage marker ICAM \[[@pone.0184280.ref028],[@pone.0184280.ref041],[@pone.0184280.ref042]\] were elevated in atherogenic diet-fed male ApoE KO mice treated with gugulipid compared with control mice ([Fig 7A](#pone.0184280.g007){ref-type="fig"}). Furthermore, aortic atherosclerotic lesion size was significantly increased by 2.5--3-fold after gugulipid administration in atherogenic--diet-fed ApoE KO mice ([Fig 7B](#pone.0184280.g007){ref-type="fig"}).

![Effect of gugulipid on plasma intercellular adhesion molecule (ICAM) levels and atherosclerosis in atherogenic diet fed male apoE KO mice.\
(A) Plasma ICAM levels and (B) neutral lipid staining (left) and quantitation (right) of atheromatous lesion size in aortic roots of control and gugulipid-treated atherogenic diet-fed mice. Arrows indicate atheromatous lesions. AD: atherogenic diet; G: gugulipid. Two independent experimental sets were used, n = 6 in each. Values represent mean ± SD. \*P\<0.05.](pone.0184280.g007){#pone.0184280.g007}

Gugulipid administration aggravates ischemic heart disease and accelerates cardiovascular death in atherogenic--diet-fed male SR-BI KO/ApoER61^h/h^ mice {#sec024}
--------------------------------------------------------------------------------------------------------------------------------------------------------

Atherogenic--diet-fed SR-BI KO/ApoER61^h/h^ mice are a model of severe atherosclerotic coronary heart disease and ischemic complications leading to premature death \[[@pone.0184280.ref024]\]. Male mice fed a diet of 1 mg gugulipid/atherogenic diet were similar in overall body weight to mice fed a control or atherogenic diet (29.2 ± 2.9 g, 32.8 ± 2.9 g, and 30.1 ± 2.9 g, respectively). The administration of gugulipid showed that this treatment was associated with poorer survival ([Fig 8A](#pone.0184280.g008){ref-type="fig"}). Post-mortem analysis of hearts demonstrated significant cardiomegaly ([Fig 8B](#pone.0184280.g008){ref-type="fig"}) and larger myocardial infarction scars ([Fig 8C](#pone.0184280.g008){ref-type="fig"}) in animals fed gugulipid.

![Effect of gugulipid on lifespan, heart size, and infarct scarring in atherogenic diet-fed male SR-BI KO/ApoER61^h/h^ mice.\
(A) Kaplan-Meier survival curve, (B) heart weight, and (C) heart infarct scarring (arrows) in control, atherogenic diet-fed, and gugulipid-treated atherogenic diet-fed mice. CD: control diet; AD: atherogenic diet; AD+G: atherogenic diet supplemented with gugulipid. Two independent experimental sets were used; n = 6--8 mice in each group. Values represent mean ± SD. \*P\<0.05.](pone.0184280.g008){#pone.0184280.g008}

Discussion {#sec025}
==========

This study demonstrates significant deleterious effects of gugulipid treatment on liver tissue, HDL metabolism, and atherosclerosis in different mouse models, including wild-type and atherosclerosis-prone male mice.

First, gugulipid administration led to liver damage, including hepatomegaly, hepatocellular tumefaction, and elevated plasma ALT levels. In previous studies, guggulsterone induced apoptosis of liver cells \[[@pone.0184280.ref043]\] and abrogated the beneficial effects of some hepatoprotective agents in rodent models with liver damage \[[@pone.0184280.ref044]--[@pone.0184280.ref046]\]. In addition, the use of equisterol, an over-the-counter lipid-lowering product containing guggulsterone E and red yeast rice, was associated with hypertransaminasemia and severe hepatic lobular necro-inflammatory changes \[[@pone.0184280.ref047]\]. Due to lack of previous reports, the authors ruled out a role of guggulsterone as a cause of liver damage in this patient and they suggested that liver damage was due to the statin-like content of red yeast rice. Based on our study, potential hepatic adverse effects of gugulipid and/or guggulsterone should be considered during its clinical use. Indeed, toxicology studies of guggul, the gum resin obtained from the *Commiphora mukul* tree, have shown liver toxicity in patients with previous chronic inflammatory conditions \[[@pone.0184280.ref048]\]. Taken together, these findings advocate for more detailed side-effect studies on the use of guggul extract and its derivatives in clinical settings.

Initial data on the impact of gugulipid on lipid levels in humans from Asia indicated that this natural product had hypolipidemic effects, decreasing total cholesterol in normal subjects \[[@pone.0184280.ref049]\] and reducing total cholesterol and triglycerides and increasing HDL levels in dyslipidemic patients \[[@pone.0184280.ref050], [@pone.0184280.ref051]\]. In addition, gugulipid decreased total cholesterol, apparently as a consequence of increased LDL uptake and catabolism \[[@pone.0184280.ref052]\]. However, most of these studies were small and methodologically flawed \[[@pone.0184280.ref053]\]. Indeed, evidence of similar lipid-lowering in Western populations is lacking, and different studies suggest that gugulipid consumption has neutral or deleterious effects regarding plasma cholesterol levels \[[@pone.0184280.ref011],[@pone.0184280.ref054]\].

With regard to plasma lipid levels, our study showed that gugulipid administration caused hypercholesterolemia rather than reducing total and LDL cholesterol levels or changing LDL receptor expression in male wild-type, as well as ApoE KO, mice. This hypercholesterolemic effect was due to increased levels of HDL cholesterol, which correlated with decreased hepatic expression of SR-BI, a well-established physiologically relevant HDL receptor \[[@pone.0184280.ref006]--[@pone.0184280.ref008]\]. To evaluate a potential role of SR-BI downregulation in determining increased HDL and total cholesterol levels in atherogenic--diet-fed male ApoE KO mice treated with gugulipid, overexpression of this receptor was achieved by recombinant adenoviral infection. Restoring hepatic SR-BI levels reduced plasma cholesterol levels, strongly suggesting the involvement of this receptor in the abnormal cholesterol metabolism seen in gugulipid-treated mice. Whereas many epidemiological and clinical studies indicate that increased HDL cholesterol levels are usually a marker of reduced cardiovascular risk \[[@pone.0184280.ref055]\], some high-HDL conditions, e.g., those due to reduced delivery of HDL cholesterol into the liver, may be associated with increased cardiovascular risk. Indeed, murine SR-BI deficiency, which induces high cholesterol levels in abnormal HDL particles and increased atherosclerosis under proatherogenic conditions, leads to a high rate of mortality from ischemic heart disease \[[@pone.0184280.ref008]\]. Furthermore, recent studies have established that anti-atherogenic functions of HDL, i.e., beyond its role in cholesterol metabolism may be as relevant as absolute HDL cholesterol level.

When vascular function was evaluated as an early indicator of cardiovascular disease, animals exposed to gugulipid showed altered endothelium-dependent reactivity but normal smooth muscle function, which suggested the presence of endothelial dysfunction. This latter finding was further supported by detection of increased levels of ICAM, a biomarker of endothelial dysfunction, in atherogenic--diet-fed male ApoE KO mice treated with gugulipid. To date, our study is the first report that links gugulipid use with endothelial dysfunction.

Evidence supporting an anti-atherogenic effect of gugulipid or guggulsterone is extremely limited. One study reported reduced atherogenesis in high-fat-and-cholesterol-fed albino rats treated with an ethylacetate extract obtained from guggul resin \[[@pone.0184280.ref056]\]. Our work is the first in which gugulipid was investigated in a more appropriate and established animal model of atherosclerosis to simultaneously evaluate its impact on plasma lipids, endothelial function, and atherogenesis. Based on its negative impact on SR-BI--dependent HDL metabolism and endothelial function, as well as a lack of cholesterol-lowering effect on non-HDL lipoproteins, gugulipid treatment appears to confer increased atherosclerotic risk. Indeed, gugulipid increased aortic lesion size in atherogenic--diet-fed male ApoE KO mice, a well-established animal model of accelerated atherosclerosis.

On the other hand, guggulsterone appears to be cardioprotective during isoproterenol-induced myocardial ischemia in rats \[[@pone.0184280.ref057]\]. In contrast to this previous report, our study showed a deleterious effect of gugulipid in a mouse model of severe atherosclerosis, myocardial infarction, and lethal ischemic heart disease \[[@pone.0184280.ref009],[@pone.0184280.ref024]\]. Gugulipid reduced lifespan of atherogenic--diet-fed male SR-BI KO/ApoER61^h/h^ mice, which exhibited a greater degree of cardiomegaly and more extensive myocardial infarct scarring. These findings indicate that gugulipid accelerated atherosclerosis and/or increased ischemic complications in this model of severe coronary artery disease. Our work provides strong overall evidence supporting a pro-atherogenic effect of gugulipid in mice. Whether this deleterious effect is due to its guggulsterone content or is caused by some additional component present in this natural product remains to be established. However, our findings still have significant implications because gugulipid, but not guggulsterone, is the more commonly available and used formulation.

The discrepancies in effects reported after guggul administration in Eastern versus Western subjects, as well as in different animal models, may be explained by significant heterogeneity in gugulipid preparations, study design, and genetic and interspecies backgrounds. For instance, species- and population-dependent variation in metabolic pathways that transform guggulsterones and other guggul components ([Fig 1](#pone.0184280.g001){ref-type="fig"}) may contribute significantly to the dissimilar, and sometimes opposite, effects of guggul on blood lipids. In addition, guggul is usually consumed as a natural product rather than as purified guggulsterones. Thus, additional components in gugulipid ([Fig 1](#pone.0184280.g001){ref-type="fig"}) may also modulate the hypolipidemic activity of guggulsterone itself.

In summary, gugulipid impaired SR-BI--mediated HDL metabolism, caused endothelial dysfunction and liver damage, increased atherosclerosis, and accelerated cardiovascular death in male mice. Taken together, these data clearly show significant adverse effects of gugulipid administration and strongly suggest that the use of this natural product may have deleterious cardiovascular consequences for human health, in particular for patients at high risk for cardiovascular disease. Our findings are fully consistent with a recent review by the Natural Standard Research Collaboration group indicating that there is not enough scientific evidence to support the use of guggul for any medical condition and that it may cause serious side effects and interactions \[[@pone.0184280.ref053]\]. This study also highlights the need for rigorous preclinical and clinical studies to provide guidance on the consumption of natural products and regulation of their use in the general population.
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